ABSTRACT The Australian tree Melaleuca quinquenervia (Cavanilles) Blake is an invasive weed in wetland systems of Florida. A biological control program targeting M. quinquenervia has resulted in the release of the gall forming midge Lophodiplosis trifida Gagné (Diptera: Cecidomyiidae). Populations of the introduced herbivore readily established at all 24 release sites across the weedÕs range in Florida, and there was no evidence that founding colony size (100, 2,000, or 6,000 adults) inßuenced herbivore establishment or local population growth rates. Landscape level spread of L. trifida from release sites averaged nearly 6 km/yr, ranging as high as 14.4 km/yr. Prerelease host range testing predicted that L. trifida oviposits indiscriminately on test plant species but does not complete development on any of the test species, including congeners present in Florida. To test the predictability of these host range tests, L. trifida was released in a common garden consisting of 18 test plant species that were interplanted with M. quinquenervia. Plant species postulated to be at risk experienced no gall development by L. trifida while intermingled M. quinquenervia trees supported 704.8 (Ϯ158.5) galls per plant. Historically, many introduced Cecidomyiidae have limited effect on plant performance of target weeds because of recruitment of native parasitoids that disrupt biological control efÞcacy. In contrast to this trend, there has been no evidence to date that parasitoids are exploiting L. trifida in Florida.
Melaleuca quinquenervia (Cavanilles) Blake (Myrtales: Myrtaceae) occurs naturally along AustraliaÕs eastern coast from Sydney in New South Wales to northern Queensland (Boland et al. 1987) . Over the course of the last century, M. quinquenervia has been widely disseminated for ornamental, revegetation, and agroforestry purposes (Turner et al. 1998 , SerbesoffÐ King 2003 ). This exotic tree was introduced into various locations in the United States and Caribbean but was planted extensively in southern Florida . After its introduction, M. quinquenervia spread at an estimated rate of 2,850 ha/yr and has proven to be a superior competitor to most, if not all, native vegetation occurring in wetlands of the Florida Everglades (Turner et al. 1998 ). These M. quinquenervia wetland forests typically form dense stands characterized by continuous upper canopies with species depauperate understories ). As a result, M. quinquenervia was added to the United States Noxious Weed List in 1992 (SerbesoffÐKing 2003) , and largescale coordinated management efforts were implemented to limit the treeÕs invasion (Silvers et al. 2007) .
A classical weed biological control program targeting M. quinquenervia in Florida was initiated in the mid-1980s, with the expectation that introduced herbivores would limit invasion and complement conventional control tactics (Silvers et al. 2007 ). The curculionid weevil Oxyops vitiosa Pascoe (Coleoptera: Curculionidae) was the Þrst candidate selected for quarantine-based host range assessments (Purcell and Balciunas 1994) and, once deemed sufÞciently host speciÞc, was released in south Florida in 1997 , Pratt et al. 2003 . Feeding by the weevil markedly reduces the treeÕs reproductive potential and growth (Pratt et al. 2005 , Tipping et al. 2008 . A second biological control agent, the psyllid Boreioglycaspis melaleucae Moore (Hemiptera: Psyllidae), was released in south Florida during the spring of 2002 . Feeding by psyllids induces leaf senescence, often resulting in mortality of coppicing stumps and seedlings (Franks et al. 2006 , Morath et al. 2006 .
Although these species reduce M. quinquenervia growth and survival , certain seasonal periods and habitats are less vulnerable to attack by the existing suite of herbivores. Adults of both introduced natural enemies feed superÞcially on all leaves while the immature stages preferentially exploit newly developed expanding leaves that are produced in seasonal ßushes at branch apices. These ßushes occur primarily during the dry season (winter), after ßowering, but ßushes of new growth are also observed during the wet season (summer) as temperatures and precipitation increase (Pratt et al. 2004 . Herbivore densities respond numerically to the dry season vegetative ßush but are poorly adapted to exploit the wet seasonal ßush, resulting in periods of escape and recovery by the target weed , Pratt et al. 2005 . This lack of population increase during the wet season may be attributed to increased precipitation and temperatures (Chiarelli et al. 2011 ) that negatively affect herbivore survival. Hydrological patterns also inßuence persistence and the spatial extent of herbivory. O. vitiosa, for instance, pupates in the soil and is unable to thrive in permanently ßooded habitats where some M. quinquenervia stands persist. Thus, population densities vary over time and space based on resource availability, climatic suitability, and hydroperiod , Balentine et al. 2009 ). Therefore, it was predicted that biological control of M. quinquenervia in Florida could be enhanced through the introduction of an herbivore that exploits wet season growth patterns and trees occurring in long hydroperiod habitats.
Lophodiplosis trifida Gagné (Diptera: Cecidomyiidae) was initially identiÞed as an inquiline that occupied the galls of three other Lophodiplosis species that exploit broad-leaved Melaleuca species in Queensland and New South Wales, Australia (Gagné et al. 1997) . It was later determined that L. trifida produces independent stem galls on M. quinquenervia and other broad-leaved species in the Melaleuca leucadendra complex (Purcell et al. 2007) . L. trifida adults are short lived, but females can oviposit in excess of 200 eggs during their lifetimes. Eggs are deposited on plant surfaces, and neonates tunnel into expanding green stems near branch apices where the larvae induce clusters of multi-chambered galls. Each gall chamber (ϭlocule) sustains a single larva and, near completion of development, the last larval instar creates a small exit window. Pupation occurs within the chamber, and adults emerge through the prepared exit holes in the plant tissue, leaving exuviae attached but protruding from the gall (Gagné et al. 2009 ). In Australia, galling disrupts apical and axillary meristematic growth that alters plant morphology. Preliminary evidence from its native range indicated that L. trifida densities were greatest during the warm wet season in Queensland. Field surveys revealed that L. trifida galls were also most abundant on M. quinquenervia trees growing in or near standing fresh water (i.e., lakes, canals, roadside ditches, etc.). These phenological patterns and habitat preferences exhibited by L. trifida appeared to match conditions of low herbivory pressure in the existing M. quinquenervia biological control program and led to further investigation of the insectÕs host speciÞcity.
Host range studies revealed that L. trifida oviposited indiscriminately, but gall initiation and larval development were restricted to broad-leaved Melaleuca species, of which there are no native species in the New World (Wineriter Wright and Center 2008) . The intended host, M. quinquenervia, supported complete development of the herbivore and experienced high levels of unalterable structural damage during the bioassays. Larval penetration and initial gall development was also observed on Melaleuca viminalis (Sol. Ex Gaertn.) Byrnes, a species planted as an ornamental in Florida, but larvae did not complete development (Wineriter Wright and Center 2008) . Owing to its level of speciÞcity and damage caused under laboratory settings, a petition to release L. trifida into Florida was submitted to the Technical Advisory Group of the U.S. Department of AgricultureÕs (USDA) Animal Plant Health Inspection Service in May 2007 and a release permit was issued in September 2008 (Wineriter Wright and .
The objectives of this study were to 1) conÞrm establishment and growth of a self-sustaining population of L. trifida in Florida, 2) examine the inßuence of founder population size on establishment, 3) quantify dispersal of the introduced herbivore, and 4) compare physiological (predicted in lab) vs. ecological (realized) host ranges of L. trifida in its adventive range.
Methods and Materials
Quarantine Colonies, Removal From Containment, and Mass Rearing. The L. trifida colony studied in quarantine and subsequently released into Florida was derived from individuals collected near Brisbane, Queensland, Australia (all within 20 km of one another) during October 2003 until January 2004 (Wineriter Wright and Center 2008 . Galled M. quinquenervia seedlings were shipped bare-root from Australia to the USDA, Agriculture Research Service (ARS), Invasive Plant Research Laboratory (IPRL) in Gainesville, FL, where host range testing was conducted in the Florida Department of Agriculture and Consumer Services, Division of Plant Industry (FDACS/DPI) quarantine facility. Following host range tests and while waiting for a release permit, seven shipments of (100 adult L. trifida were transferred from the Gainesville quarantine to the IPRL quarantine in Fort Lauderdale, FL. After arrival, adults were held on live M. quinquenervia plants in a similar manner as described by Wineriter Wright and Center (2008) . Multiple plants were pruned so as to produce numerous young ßushing branches and enclosed within a screen cage. Plants were inoculated with (25 females and 10 males and reared for a single generation. A similar number of F 1 adults were then removed to inoculate new cages. This procedure was necessary to limit the populations in the cages and prevent the overpopulation that would inevitably result, so it was performed continuously during the tenure of this insect in quarantine. Caged host plants and associated L. trifida were maintained in a glasshouse at 25ЊC (Ϯ10) and 70% relative humidity (RH) (Ϯ10).
A release permit for L. trifida was granted in May 2008, and the removal of L. trifida from the IPRL quarantine facility was conducted from 16 to 19 June 2008. This was done by Þrst aspirating approximately Þve adult midges from the quarantine colonies into 55.5-ml (15-dram) vials. The identity of each midge within the vials was conÞrmed by Raymond J. Gagné based on morphological features (Gagné et al. 2009 ). In total, 1,527 individuals were prepared in this manner. A 7% sample of these adults was sacriÞced for pathogen screening and evaluated just before removal from quarantine. Adults in pathogen samples were homogenized in 3Ð5 ml of deionized water, and a sample of the crude suspension was examined with a phase-contrast microscope to search for microsporidia, fungal spores, or any occluded viruses. In addition, 90 females and 10 males were retained as voucher specimens and deposited with Systematic Entomology Laboratory (USDA/ARS, Beltsville, MD) and the Florida State Collection of Arthropods (FDACS/DPI, Gainesville, FL). The glass vials containing the remaining individuals were sanitized externally with 90% ETOH and then transferred from the containment facility to outdoor screen cages provisioned with potted host plants (hereafter "donor plants") using the method described above. Thus, in total, 1,200 females and 127 males were removed from quarantine and distributed evenly among 20 donor plants. Mass rearing of L. trifida was conducted from July through September 2008 and involved transferring adults to new cages as described above. Galls on donor plants were monitored for the development of small windows in the gall wall, which precedes midge emergence by ca. 1 wk. The number of windows on galls of donor plants was also used to estimate midge density per gall or per plant before emergence.
Release and Population Monitoring. Twenty-four M. quinquenervia stands were selected in July 2008 for release of L. trifida (Table 1) . Generally, release sites were identiÞed based on their geographic distribution in Florida and represented variation in patch size as well as local hydrological patterns. Patch size ranged from a group of eight small trees (site 19) to large M. quinquenervia stands that exceed 500 ha of continuous canopy coverage (site 1). For comparative purposes, patch size was categorized into one of three groups: small (Ͻ0.5 ha), medium (Ͼ0.5 but Ͻ5 ha), and large (Ͼ5 ha but often exceeding 100 ha) patches. Medium and large M. quinquenervia patches possessed a broad range of tree sizes and varying structural complexity. Smaller patches were less demographically variable, however, with size classes limited to smaller individuals. Hydroperiod was classiÞed in accordance with Ewel (1990) : Dry (n ϭ 7) ϭ never inundated; short (n ϭ 7) ϭ inundated Ͻ6 mo; moderate (n ϭ 7) ϭ inundated 6 Ð9 mo; long (n ϭ 3) ϭ inundated Ͼ9 mo (Table 1 ).
An experiment was designed to investigate the inßuence of founding population size on establishment, population growth rate, and dispersal. Three founding colony sizes were explored: 100, 2,000, or 6,000 individuals; gender cannot be determined before emergence from galls so the sex ratio was assumed to be 1:1 (Wineriter Wright and Center 2008) . Multiple donor plants bearing collectively 100 (Ϯ23), 2,000 (Ϯ71), or 6,000 (Ϯ247) windows were transported to randomly selected sites and placed adjacent to recipient M. quinquenervia plants. Donor plants were placed in standing water or given supplemental water to ensure plant survival and successful emergence of L. trifida.
A population was considered established if L. trifida persisted 2 yr after release. It should be noted that adults are small, easily overlooked, and short lived, so the presence of newly developed galls without exit holes was used to quantify persistence. Two methods of monitoring L. trifida establishment and population dynamics were implemented. First, each release site was visited at 90-d intervals after the release of L. trifida, and two or more observers searched the surrounding M. quinquenervia trees for galls during a 30-min timed count . The search area was limited to a 50 m radius from the point of release. The counts were averaged across observers and then doubled to provide the number of galls en- a Area invaded by M. quinquenervia was categorized into one of three groups: small (Ͻ0.5 ha), medium (Ͼ0.5 but Ͻ5 ha), and large (Ͼ5 ha but often exceeding 100 ha) patches.
b Hydroperiod was classiÞed in accordance with Ewel (1990) : Dry, never inundated; short, inundated Ͻ6 mo; moderate, inundated 6 Ð9 mo; long, inundated Ͼ9 mo.
c The number of L. trifida individuals released at each site ranged from small (100), medium (2,000), or large (6,000) founding population sizes. countered per observer-hour. Observers excluded galls that possessed emergence holes from timed observations in an effort to avoid recounting galls from previous sampling efforts. Galls were also inspected in situ for signs of predation or parasitism as indicated by damage to the gall exterior or irregular sized exit holes.
In addition, Þve 0.25-m 2 plots were delineated near the release point of each site in August of 2009 to quantify population densities. Plots were placed randomly among the treeÕs smaller size classes (saplings) to facilitate assessments. All M. quinquenervia trees within each plot were harvested at the soil level, placed in bags, and transported to the laboratory. The total number of L. trifida exit holes per plot was quantiÞed by reviewing all M. quinquenervia vegetation at 10ϫ magniÞcation. The sampling process was repeated in August of 2010 by randomly delineating new plots, harvesting, and counting exit holes as described above. Between 5 and 10 galls from each sampled site were dissected in search of predators or parasitoids exploiting the internal larvae.
General linear mixed models were used to examine the inßuence of founding population size, site hydrology, and patch size on parameters measured repeatedly over time (PROC MIXED; SAS Institute 1999, Littell et al. 2002) . To account for the autocorrelation of parameters among experimental units (sampled populations), the REPEATED statement with the autoregressive order 1 covariance structure was used (Littell et al. 2002) . Post hoc analyses of treatment level differences were performed with Tukey honestly signiÞcant difference (HSD) on data for the Þnal timed count or harvest, respectively. All data are presented as means (ϮSE).
Rate of Spread and Spatial Distributional Patterns. Dispersal rates for L. trifida were quantiÞed at 12 of the 24 release locations (1, 2, 3, 4, 5, 6, 8, 14, 15, 18, 20, and 23) . Selection of sites monitored for dispersal was based on the widespread presence of M. quinquenervia in at least two cardinal directions. In general, these incipient L. trifida populations were separated from other such populations by Ͼ25 km. Four of the sites (1, 3, 4, and 5), however, were separated by Ն10 km. The location of the release point was Þxed at each site using real-time differential global positioning system (GPS) unit. Data were collected in decimal degrees with resolution accuracy to the fourth decimal place. We allowed 5 min of averaging to occur for each GPS reading before recording the coordinates. Data were imported into the georeferenced software ArcGIS version 9 (Environmental Systems Research Institute, Inc., Redlands, CA) and graphical output was in the Mercator projection type.
Galls produced by L. trifida are diagnostic (Wineriter Wright and Center 2008) and disclose the presence of the otherwise cryptic colonies, even at very low population densities. Host trees were searched for gall presence (or absence) along transects radiating outward from the release point in the four cardinal directions (N, S, E, and W; Caughley, 1970) when possible. Searches were conducted at 50-m intervals along each transect, and Þeld staff expended up to 1.5 person-hrs examining M. quinquenervia foliage in the vicinity of each interval. Sampling along a transect extended far beyond the original M. quinquenervia stand used for the release and was stopped when no galls were found in the vicinity of two consecutive 50-m intervals. Some intervals were extended beyond 50 m to account for the treeÕs patchy distribution along transects. The GPS unit was used to record the gallÕs location (as described above). Dispersion from each release point was quantiÞed 1 yr after the release of L. trifida (September 2009). For sites 1, 3, 4, 5, and 8, however, dispersing populations merged along some transects before sampling, so these directions were abandoned and subsequent monitoring focused on transects that had not coalesced with neighboring populations.
We calculated the rate of spread for each transect as:
where R is the rate of spread (km/yr) for an individual site, d is the distance (km) traveled by L. trifida, N, S, E, and W represent transects in the four cardinal directions, and t is time (years) after release (adapted from Andow et al., 1993) . Various characteristics of each transect were noted to elucidate parameters that might have inßuenced the rate of spread. These included cardinal direction, hydroperiod, patch size, and founding population size. Analysis of variance (ANOVA), followed by least signiÞcant difference (LSD), was used to compare the effects of categorical parameters on the linear distance traveled by L. trifida along each transect.
Gall Allometry. The relationship between gall size and the number of L. trifida individuals per gall was investigated. In August 2009, a minimum of 10 galls from which midges had already emerged were randomly selected from each of seven sites that supported the largest L. trifida populations: 1, 2, 3, 5, 8, 17, and 20 (Table 1) . Branches bearing galls were harvested and the gall length, its width at two haphazardly selected locations, the stem diameter below and, if present, above the gall were measured. Galls vary in shape but are generally cylindrical. The volume of each gall was estimated based on the volume of a cylinder and calculated as V ϭ r 2 L, where V is the gall volume, r is the mean radius of the two width measurements divided by two, and L is gall length. The number of emergence holes for each gall was counted using an optical visor at 10ϫ magniÞcation. Sampling and data collection were repeated in August 2010, but 10 galls from each of 20 sites were collected; establishment of nascent populations at sites 7, 10, 19, and 22 was considered too tenuous to disturb. The number of exit holes and gall volume data from both sampling events were log transformed (double-sided natural logarithm) to account for nonconstant variance, thereby converting the exponential model to a linear relationship (Baskerville 1972 , Sprugel 1983 , SAS 1999 The 2010 gall samples were also used to quantify differences in weight per unit volume between galled and ungalled stems. First, the predicted volume of ungalled stems was calculated as described above except that the radius (r) represents the mean of the stem radiuses below and above (if available) the measured gall and L is the gall length. Inherent assumptions of this method suggest that ungalled stem length (L) and stem diameter are similar to those measured from galled stems. Second, dry weight per unit volume of ungalled stems was calculated by excising 2-cm stem sections immediately below and above (if available) galls from the harvested branches and quantifying their volume. Both galled and ungalled stem fractions were oven dried at 65ЊC until a constant weight was obtained, and linear regression was used to quantify the relationship between stem volume and weight; this relationship was used to estimate the stem dry weights for predicted stem volumes. Finally, differences in dry weight per unit volume between ungalled and galled stems were analyzed with ANCOVA, with stem length as the covariate (SAS Institute 1999).
Ecological Host Range. An experiment was designed to quantify the ecological host range and unintended impacts of L. trifida on plant species that were determined to be nonhosts for the midge during earlier quarantine testing (Wineriter Wright and Center 2008) . The study was conducted at the IPRL in Fort Lauderdale, FL, and represents release site 17 in Table  1 . A common garden plot was developed in which rows of "at risk" species were planted so as to alternate with rows of M. quinquenervia trees ). Four M. quinquenervia saplings (height ca. 2 m) were located in each of 11 rows, with individuals separated by 7.6 m within and between rows. Four replicates of 18 test species were planted in a randomized block design among the M. quinquenervia rows (Table 2) . A row of nine randomly selected test plants was established between each M. quinquenervia row, with two test plant rows comprising a block. Each plant in the common garden was carefully inspected every three months from September 2008 through September 2009, and the number galls per plant were recorded. L. trifida galls were distinguished from other galling insects by morphology and the presence of attached exuvia (Gagné et al. 2009, Wineriter Wright and .
Results
Release and Population Monitoring. No pathogenic organisms were detected using the screening methods described herein. A report encompassing the pathology assessments concluded that "No spores, sporangia, or occluded viruses were found . . . unoccluded viruses or excessive bacteria were absent . . . the colonies appeared free from pathogens."
Variation in the founding population sizes did not inßuence establishment of L. trifida, as colonization occurred at all 24 release sites. The rates of colonization and persistence, however, were less uniform. Populations at 21 of the sites increased numerically after release. Population densities of L. trifida were below detectible levels at sites 7 and 13 until November and August 2009, respectively. In contrast, L. trifida population densities increased rapidly following introduction but later went locally extinct in the immediate vicinity of site 19 following freezing temperatures in February 2009. This frost killed the above-ground M. quinquenervia vegetation and associated immature L. trifida within galls. After a 21-mo absence from the site, L. trifida galls were observed on coppicing vegetation of frost damaged trees on November 2010. Despite delayed population buildup or periods of apparent extinction, all populations at each of the 24 sites persisted more than 2 yr. It should be noted, however, that the three sites that experienced problematic establishment were all inoculated with the lowest population density (Table 1) .
Although establishment was uniform, population increase across sites was limited during the Þrst 9 mo of sampling (Fig. 1) . Gall densities increased markedly during the summer of 2009, however, and remained above 4,000 new galls detected per hour throughout the last year of assessment (Fig. 1) . The size of the M. quinquenervia patch did not inßuence the number of new galls observed in counts over time (F ϭ 1.15; df ϭ 2, 21; P ϭ 0.3368). In addition, the initial L. trifida founding population size (F ϭ 1.31; df ϭ 2, 21; P ϭ 0.2904) and site hydrology (F ϭ 1.45; df ϭ 3, 20; P ϭ 0.2586) did not affect the rate of new gall production. Caution should be used when interpreting these data, however, as galls observed in timed counts increased during the surveys to a gall observed every second. This observational rate likely approaches the limit of the observerÕs search ability and therefore may underestimate the relative number of galls per site.
The number of L. trifida emerging from galls averaged across all sites in 2009 increased from 345 (Ϯ115.1) to 2,286 (Ϯ407.6) individuals per square meter by 2010. At two sites (8, 19), however, emerging adults decreased during that same evaluation period, while the remaining sites experienced marked increases (Fig. 2) . In contrast to the timed counts, the number of exit holes per square meter was affected by patch size (F ϭ 92.43; df ϭ 2, 11; P Ͻ 0. ) hydroperiod sites. There was no inßuence of release size on L. trifida densities (F ϭ 0.56; df ϭ 2, 11; P ϭ 0.5862). There was also no evidence of parasitism or predation among the dissected galls.
Rate of Spread and Spatial Distributional Patterns. When averaged among all directions and sites, L. trifida spread from release points at a rate of 6.0 km/yr (Ϯ0.51; 95% CI: 4.90 Ð 6.99 km/yr). The release location (F 11,32 ϭ 1.14; P ϭ 0.2259), founding population size (F ϭ 0.84; df ϭ 2, 32; P ϭ 0.4441), and cardinal direction (F ϭ 1.46; df ϭ 3, 32; P ϭ 0.2511) did not inßuence the rate of spread by L. trifida. Dispersal varied by patch size (F ϭ 5.35; df ϭ 3, 32; P ϭ 0.0111). Highest rates of spread occurred at large sized patches (7.0 Ϯ 0.6 km/yr) and the slowest in medium patches (4.5 Ϯ 0.8 km/yr) while small patches (6.1 Ϯ 1.4 km/yr) were intermediate. Dispersal distance was also affected by local hydrological patterns (F ϭ 3.33; df ϭ 3, 32; P ϭ 0.0342). Spread of L. trifida was greater at dry (7.6 Ϯ 1.2 km/yr) vs. long hydroperiod sites (3.6 Ϯ 0.1 km/yr), with dispersal in the two remaining levels intermediate (short ϭ 5.1 Ϯ 0.8 km/yr, moderate ϭ 5.9 Ϯ 0.7 km/yr).
Gall Allometry. All three gall characteristics (diameter, length, and volume) had a strong linear relationship with the density of ßies per gall (P Ͻ 0.001). The coefÞcients of determination for the regression of gall diameter (0.34) and gall length (0.35) were relatively smaller than that of gall volume (0.64). The mean gall volume when averaged across all sites was 585 (Ϯ33.5) mm 3 . The relationship between gall volume and L. trifida densities is best described by: ln(density) ϭ 0.85501(ln(volume)) Ϫ 0.43151 L. trifida densities per gall, after accounting for gall volume, differed between years (F ϭ 18.3; df ϭ 3, 304; P Ͻ 0.001). The back-transformed least square means (LSM) for 2009 was 88.2 (Ϯ4.5) as compared with 66.1 (Ϯ2.7) in 2010. Midge densities also varied among sites (F ϭ 5.05; df ϭ 39, 268; P Ͻ 0.001), with back-transformed LSM ranging from 41.9 (Ϯ8.7) at site 16 to 118.5 (Ϯ9.4) emergence holes per unit volume at site 6. Hydrological patterns at the sites inßuenced L. trifida densities per gall volume (F ϭ 13.66; df ϭ 5, 302; P Ͻ 0.001), with galls at dry (64.3 [Ϯ3.0]) and short (64.8 [Ϯ3.7] ) hydroperiod sites similar to each other but harboring fewer individuals as compared with long hydroperiod sites (77.3 [Ϯ3.8] ). Dry mass of galled stems was markedly greater per unit length than ungalled stems (F ϭ 366.42; df ϭ 2, 615; P Ͻ 0.001), with a back-transformed LSM of 0.09 (Ϯ0.01) g for ungalled stems and 0.39 (Ϯ0.01) g for galled stems.
Ecological Host Range. L. trifida readily colonized M. quinquenervia trees in the study plot, 67% of which had galls within their canopies during the Þrst sampling event (3 mo after release). The number of discrete galls averaged 704.8 (Ϯ158.5; 95% CI ϭ 297.4 Ð 1,112.3) per M. quinquenervia tree, representing 50% (Ϯ0.10; 95% CI ϭ 0.24 Ð 0.77) of the stems attacked by L. trifida. No abnormal stem growth, exit holes, or other signs of colonization were observed on nontarget species, including congeners.
Discussion
Classical weed biological control involves reuniting an invasive plant with coevolved natural enemies from the weedÕs native range. Successful biological control, however, is contingent on Þrst establishing an herbivore in the new environment. The establishment rate for weed biological control agents worldwide is commonly cited as 60% (McFadyen 1998 , Van Driesche et al. 2008 , although successful colonization varies among arthropod orders. Boughton and Pemberton (2008) , for instance, reported that dipterans experienced higher establishment rates (74%) after release as compared with the other commonly introduced orders Coleoptera (68%) and Lepidoptera (58%). How does the establishment rate for Cecidomyiidae introduced for weed biological control compare with these general trends? A review of the literature indicates that 13 cecidomyiid species have been introduced for weed biological control on Þve continents, across a range of environmental conditions and targeting a diverse group of weeds (Table 3) . To our knowledge, all introduced gall midges have successfully established in their adventive range (Table 3 ; Harris and Shorthouse 1996 , Julien and GrifÞths 1998 , Impson et al. 2008 , Post et al. 2010 . Consistent with this trend, L. trifida populations readily established at all release sites across the range of the target weed in Florida. Although local extinction was observed at one site (19), adults readily dispersed from nearby M. quinquenervia trees (1.3 km) and recolonized the stand. The rate of establishment for cecidomyiids used in biological control is not only markedly higher than the disciplineÕs average but counter intuitive considering the ephemeral adult stage responsible for colonizing new habitats. These Þndings lend additional support to the premise that gall midges are attractive candidates for weed biological control because of their high probability of establishment (Impson et al. 2008 ).
There was no evidence that founding colony size inßuenced herbivore establishment or local population growth rates. Although release densities ranged from 100 to 6,000 individuals, a limitation in the experimental design used herein includes release densities that were insufÞciently low to quantify the minimum number of L. trifida required for successful colonization. It is clear that this number is Ͻ100 individuals, as all founding populations established regardless of release densities. A more insightful approach would have added additional introductions at lower densities, including a single gravid female, to estimate the minimum viable colony size (Grevstad 1999) . Despite this limitation, however, these data indicate that efforts focused on rearing and releasing large densities of L. trifida per site are not warranted, as even small releases resulted in similar population densities 2 yr after release.
An inherent advantage of biological control over other conventional control tactics includes the selfdispersing nature of introduced herbivores (Van Driesche et al. 2008) . Dispersal, however, varies widely among species and quantifying a biological control agentÕs rate of spread is integral to optimization of release strategies (Pratt et al. 2003, Paynter and Bellgard 2011) . Slowly dispersing herbivores, for instance, may require more releases in closer proximity than faster dispersers to saturate the geographic distribution of the weed. Landscape level spread of L. trifida populations averaged nearly 6 km/yr from release sites, ranging as high as 14.4 km/yr. Within 1 yr of release, expanding L. trifida populations at Þve release (Pratt et al. 2003 , Balentine et al. 2009 ). In relation to the other Melaleuca biological control agents established in Florida, L. trifida dispersed faster than the weevil O. vitiosa (X ϭ 1.0, range ϭ 0.1Ð2.8 km/yr) and the psyllid B. melaleucae (X ϭ 4.7, range ϭ 2Ð10 km/yr; Pratt et al. 2003 ). This trend is consistent with the dispersal patterns of taxonomic orders reported by Paynter and Bellgard (2011) , where coleopteran weed biological control agents dispersed far slower than their hemipteran and dipteran counterparts.
The role of herbivory in regulating plant populations is often inßuenced by local environmental conditions (Rand 1999) . Patterns of herbivory can vary according to changes in elevation, temperature, shading, salinity levels, etc. (Lincoln and Mooney 1984 , Reynolds and Crossley 1997 , Schile and Mopper 2006 . The beetle Gratiana boliviana Spaeth, for example, causes greater levels of damage to Solanum viarum Dunal in shaded vs. full sun habitats (Diaz et al. 2011) . Based on habitat preferences in its native range, it was predicted that L. trifida gall densities and associated herbivory levels would be greatest in longer vs. shorter hydroperiods in Florida wetland systems. Increases in the number L. trifida galls at release sites were not inßuenced by local hydrological patterns. The number of emerged ßies per square meter, however, indicates that dry sites support greater L. trifida densities then wet sites. In contrast, the number of ßies per unit volume was greater in wet vs. dry sites. This incongruity between the predicted inßuence of hydrology on L. trifida performance and the realized variable results reported herein may be related to pressure from natural enemies or exclusion by superior competitors in dryer vs. wetter habitats of the herbivoreÕs native range (Australia). Alternatively, the spectrum of hydrological patterns characteristic of Florida wetland systems (Ewel 1990 ) may not correspond to those experienced by L. trifida in northeastern Australia. These data clearly indicate, however, that L. trifida thrives in M. quinquenervia stands across hydrological regimes, including the long hydroperiod systems that currently experience lower herbivore pressure from other biological control agents.
An essential component to preintroduction evaluations of potential biological control agents involves quantifying the host range of natural enemies as a method for assessing the inherent risk they pose to native and economically important ßora. In the absence of corroborative postrelease data, criticisms have been raised concerning the accuracy of laboratory-based host range predictions and nontarget ecological interactions in weed biological control programs (Louda et al. 2005, Pearson and Callaway 2005 Pratt et al. 2009 ). It should be noted, however, that egg deposition patterns among test species were not quantiÞed in the common garden and the nonselective ovipositional behavior of L. trifida remains unconÞrmed in natural systems of Florida.
Dispersal patterns and ecological host range assessments also have relevance to the unintended spread of L. trifida beyond Florida. An underlying assumption of classical biological control is that intentionally introduced natural enemies will remain within the boundaries that delineate the programÕs area of implementation. This assumption, however, is invalid for various biological control programs, including the M. quinquenervia system in Florida ). An international survey of M. quinquenervia populations in 13 other states within the United States or neighboring countries where the insects have not been intentionally introduced was initiated to monitor the long-range dispersal of O. vitiosa and B. melaleucae beyond the herbivoresÕ intended geographic range (Florida). Although the dispersal pathway(s) remains unknown, biological control agents were detected in California, the Bahamas, and Puerto Rico, all locations that have strong links with Florida via tourism and trade. There is no evidence to date that L. trifida has dispersed beyond M. quinquenervia-infested regions of Florida, but it is predicted that the cecidomyiid will follow similar dispersal patterns as its predecessors. Of greater concern, however, may be the direct effect of herbivory on native or agriculturally important plant species in its new adventive range. L. trifida is a specialist of species within the genus Melaleuca, whose native range is restricted to Australasia. Therefore, direct nontarget feeding is not a concern for native plant populations, as L. trifida poses no direct threat to native or economically important species in the New World (Wineriter Wright and Center 2008) .
Historically, many intentionally introduced Cecidomyiidae have limited effect on plant performance because of recruitment of native parasitoids that dis-rupt biological control efÞcacy (Harris and Shorthouse 1996) . The leaf gall midge Cytiphora sonchi L., for instance, is considered rare in Alberta, Canada, as a result of high parasitism levels (Harris and Shorthouse 1996) . Native parasitoids suppress populations of Cystiphora schmidti Rubsaamen up to 95% in Washington State and up to 100% in Australia, limiting control of Chondrilla juncea L. (Wehling and Piper 1988) . The gall midge Zeuxidiplosis giardi (Kieffer) has established in both California and Australia but the lack of control provided by this species is attributed to acquisition of parasitoids in the adventive range (Goeden and Louda 1976) . In contrast to this trend, there has been no evidence that parasitoids are exploiting L. trifida in Florida. We have observed generalist predators, primarily ants, searching gall chambers after adult emergence but no observations of higher trophic levels exploiting this widely available resource. Hill and Hulley (1995) determined that 16 of the 40 established weed biological control agents in South Africa had acquired native parasitoids within 3 yr of release. Similarly, the biological control agent Neomusotima conspurcatalis Warren acquired a suite of parasitoids within months of its release in Lygodium microphyllum (Cavanilles) dominated habitats of Florida (Kula et al. 2010) . These trends of rapid parasitoid acquisition by biological control agents do not ensure that L. trifida populations will remain free of natural enemies in the future (Paynter et al. 2010) .
The primary objective of all biological control programs is to suppress a pest plant population below an ecological threshold, ultimately resulting in the replacement of the target weed with more desirable vegetation (McEvoy and Rudd 1993) . Although it is premature to characterize the efÞcacy of L. trifida at controlling M. quinquenervia, it is clear that the introduced herbivore possesses life history traits that correlate with successful gall-forming biological control agents (Dennill 1988) : 1) Immature stages of L. trifida develop entirely within the gall, concentrating herbivory of all damaging life stages on the target weed. 2) Galls are formed in the actively differentiating primordial region of expanding stems, thus preventing normal vegetative growth and resulting in altered plant architecture. 3) Actively growing stems are numerous and not attacked by other introduced herbivores, so direct competition is limited. 4) The dry mass of galls is 4.3 times greater than the corresponding ungalled stem, diverting energy to structure rather than photosynthetic or reproductive organs. 5) This biomass diversion occurs year round but gall production increases markedly during the wet season, enhancing plant stress during a period when other herbivores are less effective. Other research has demonstrated that M. quinquenervia replaces damaged vegetation at the cost of reproduction, indicating that galling by L. trifida is also likely to reduce reproduction indirectly (Pratt et al. 2005 , Tipping et al. 2008 . Evaluations are ongoing, but early indications suggest that L. trifida is a safe and effective agent that will complement the effects of the earlier introduced weevil and psyllid .
